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Th2 Lineage Commitment and Efficient IL-4
Production Involves Extended Demethylation
of the IL-4 Gene
unmethylated CpG in vivo (Lei et al., 1996); de novo
DNA methylation is accomplished by two other DNA
methyltransferases, Dnmt3a and Dnmt3b, which sym-
metrically methylate CpG pairs on both DNA strands
(Okano et al., 1998). Mice with a conditional deletion of
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Dnmt1 in T cells show impaired survival but enhanced
cytokine expression, suggesting contrasting roles of this
enzyme in cell survival and expression of lineage-spe-Summary
cific genes (Lee et al., 2001).
In contrast, little is known about how genes are de-The relation of CpG methylation to gene silencing is
methylated, either during development or during so-well established, but the contribution of DNA demeth-
matic differentiation. An “active” model of tissue-spe-ylation to gene expression during cell differentiation
cific gene demethylation has been proposed in whichremains unclear. We show that the IL-4 locus under-
demethylases catalyze localized demethylation of thosegoes a complex series of methylation and demethyl-
genetic loci that have been targeted for activation byation steps during T helper cell differentiation. The 5
differentiative signals. The model is controversial sinceregion of the IL-4 locus is hypermethylated in naive T
the biochemical mechanism of CpG demethylation hascells and becomes specifically demethylated in Th2
not been resolved (reviewed in Cedar and Verdine, 1999;cells, whereas a highly conserved DNase I-hypersensi-
Smith, 2000; Wolffe et al., 1999); however, it is not com-tive region at the 3 end shows the converse behavior,
pletely implausible given the pre-S phase demethylationbeing hypomethylated in naive T cells and becoming
of the paternal genome immediately following fertiliza-methylated during Th1 differentiation. 5 demethyl-
tion (Mayer et al., 2000). An alternate “passive” modelation is not required for chromatin remodeling or pri-
of CpG demethylation proposes that lineage-specificmary transcription of the IL-4 gene but is strongly as-
DNA binding factors synthesized in differentiating cellssociated with efficient, high-level induction of IL-4
interfere with maintenance methylation by inhibiting ac-transcripts by differentiated Th2 cells.
cess of Dnmt1 to unmodified CpG on newly replicated
DNA strands (Hsieh, 1999; Kress et al., 2001). This pro-Introduction
cess would yield hemimethylated DNA in the first DNA
replication; additional cell divisions would progressivelyMethylation of cytosine in the dinucleotide CpG plays
generate a fully demethylated region, resulting in pro-an important role during mammalian development, and
gressive demethylation of activated genetic loci.may also regulate the expression status of tissue-spe-
Transcriptional activation of tissue-specific genescific genes (Li, 1999; Li et al., 1992). Much evidence, both
generally involves both DNA demethylation and changescorrelative and mechanistic, relates CpG methylation to
in chromatin structure, evident as changes in the patterngene silencing in mammals (Kass et al., 1997; Ng and
of accessibility to restriction enzymes or DNase I (Agar-Bird, 1999). DNA binding factors which bind methylated
wal et al., 2000; Agarwal and Rao, 1998; Bonifer et al.,CpG residues, such as MeCP2, associate with the
1997; Weinmann et al., 1999). However, the relation be-mSin3/histone deacetylase (HDAC) corepressor com-
tween these two processes and their respective rolesplex (Jones et al., 1998; Nan et al., 1998), providing
in regulating gene transcription are not well understood.a mechanistic link between DNA methylation and the
We have addressed these questions in the context of
formation of repressed, higher-order chromatin struc-
lineage-specific expression of the Interleukin-4 (IL-4)
tures. Therefore, methylation has been proposed as an
gene. This system provides an experimentally tractable
important mechanism for regulating the transcriptional model for examining the relation between chromatin
activity of the mammalian genome, silencing genes by remodeling and DNA demethylation and the contribu-
promoting their inaccessibility at the chromatin level tions of demethylation to gene transcription. Precursor
(Kass et al., 1997). (naive) T cells can be induced to differentiate into IL-4-
The proteins mediating CpG methylation have been producing Th2 cells or IFN--producing Th1 cells
identified, and their roles in mammalian development (Murphy et al., 2000); this process is accompanied by
have been investigated. The DNA methyltransferase demethylation and long-range changes in DNase I hy-
Dnmt1 maintains CpG methylation during DNA replica- persensitivity of the IFN- and the linked IL-4/IL-5/IL-13
tion by methylating the newly synthesized daughter DNA genes, respectively (Agarwal and Rao, 1998; Bird et al.,
strand, using the methylation pattern of the parental 1998; Takemoto et al., 1998).
strand as a template (Bestor, 1992). Dnmt1 binds the We show that naive CD4 T cells are hypermethylated
proliferating cell nuclear antigen PCNA and can be found at the 5 end of the IL-4 gene as well as in the intergenic
in a complex bound to hemimethylated DNA at replica- IL-4/IL-13 region and are specifically demethylated at
tion foci in late S phase (Chuang et al., 1997; Rountree these regions during Th2 differentiation. In contrast, a
et al., 2000). However, Dnmt1 does not efficiently modify 3 DNase I-hypersensitive (DH) region (site V), which
contains a conserved noncoding sequence (CNS-2) that
is strongly conserved in mammals (Loots et al., 2000),1 Correspondence: arao@cbr.med.harvard.edu
2 These authors contributed equally to this work. shows the opposite behavior: it is hypomethylated in
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naive T cells and is specifically hypermethylated during SmaI/XmaI and HpaII/MspI, which recognize 5-CCC
GGG and 5-CCGG sites, respectively (Figure 1C).Th1 differentiation. 5 demethylation of the IL-4 gene is
a passive replication-dependent process that occurs BamHI-digested D5 DNA was not further cleaved by
SmaI (Figure 1C, compare lanes 1 and 2), confirmingin two distinguishable phases, both driven by cytokine
stimulation: one involving the transcription start site, complete methylation of both SmaI sites in this fragment
(Figure 1E). HpaII digestion resulted in partial cleavageexon 1 and intron 1, and another in which the demeth-
ylated region is extended several kilobases into the at several HpaII sites in the 19 kb BamHI fragment (Fig-
ure 1C, lane 4; Figure 1E); however, the parent 19 kbIL-4 gene. Demethylation and DNase I-hypersensitivity
changes in the IL-4 gene are independent processes. BamHI band retained50% of its original intensity after
HpaII digestion, again demonstrating that the IL-4 locus5 demethylation correlates strongly with high-level IL-4
transcription, thus explaining the marked cell-cycle de- is heavily methylated in D5 cells. In contrast, a BamHI
SmaI digest of D10 DNA yielded a single 1.2 kb subfrag-pendence of IL-4 production by differentiating Th2 cells.
The results draw attention to a striking process of re- ment hybridizing to the IL-4 promoter probe (Figure 1C,
lane 7), confirming complete demethylation of the SmaIsponse maturation during Th2 differentiation, in which
progressive demethylation associated with repeated site in the first intron of the IL-4 gene (Figure 1E). D10
cell DNA was fully demethylated at the 5 most HpaIIstimulation in the presence of IL-4 facilitates increas-
ingly higher levels of cytokine production by differentiat- sites, as judged by appearance of an 1 kb fragment
after digestion with BamHI and HpaII (Figure 1C, lane 9).ing Th2 cells.
The IL-4 intron 1 region also becomes demethylated
in primary differentiating Th2 cells (Figure 1D). NaiveResults
CD4 T cells showed no SmaI cleavage of the 19 kb
BamHI fragment containing the IL-4 gene (Figure 1D,Differential Methylation of the IL-4/IL-13 Intergenic
lane 5; Figure 1E). Methylation was maintained in cellsRegion and Identification of Additional
cultured under Th1 conditions for 2 weeks (Figure 1D,Th2-Specific DH Sites
lane 6) but was partially lost in cells cultured under Th2To assess the presence of additional DH sites in the
conditions for 2 or 3 weeks, as evidenced by the appear-IL-4/IL-13 intergenic region, nuclei from D5 and D10
ance of the 1.2 kb BamHI/SmaI fragment (Figure 1D,cells were incubated with increasing concentrations of
lanes 7 and 8). The fraction of demethylated alleles atDNase I, the purified DNA was digested with the methyl-
both time points is estimated as 10%, based on com-ation-sensitive enzyme SmaI, and the pattern of hybrid-
paring the intensity of the SmaI fragment in lanes 7 andization to the IL-4 promoter probe was evaluated by
8 with that of the corresponding XmaI fragment in lanesSouthern analysis (Figure 1). Digestion of D5 DNA
11 and 12.yielded a SmaI fragment of 30 kb that migrated near
the top of the gel (Figure 1A, lane 1), suggesting com-
plete methylation at each of the three SmaI sites shown Chromatin Remodeling of the IL-4 Gene Does Not
Require Intron 1 Demethylationin Figure 1B. In contrast, SmaI digestion of D10 cells
yielded a 7 kb fragment (Figure 1A, lane 6), indicating The extent of intron 1 demethylation was surprisingly
low, involving only 5%–10% of all alleles at 1 week ofthat the two SmaI sites flanking the IL-4 promoter are
completely demethylated in the D10 Th2 clone (Figure Th2 differentiation. We therefore asked whether intronic
demethylation correlated with chromatin remodeling of1B). In D5 samples digested with both DNase I and SmaI,
a band of 18 kb was observed (Figure 1A, lanes 2–5); the IL-4 gene (Figure 2). Nuclei from 8-week-differenti-
ated Th2 cells were incubated with increasing concen-this is the expected size for a fragment bounded by the
two DH sites present in Th1 cells, HSS3 (Takemoto et trations of DNase I, and purified DNA was digested with
BamHI. Two-thirds of the purified DNA was further di-al., 1998), and site IV (Agarwal and Rao, 1998) (Figure
1B). Conversely, in D10 samples digested with both gested with SmaI to convert the demethylated alleles
to 1.2 kb fragments that migrate at the bottom of theSmaI and DNase I, a cluster of three DH sites located
4 kb upstream of the intronic SmaI site was observed gel (Figure 2, panel 2). Identical DNase I-hypersensitivity
patterns were observed for both BamHI-digested and(Figure 1A, lanes 7–10). Thus, our analysis emphasized
the extent of differential methylation of D5 and D10 DNA (BamHI  SmaI)-digested DNA (Figure 2, compare pan-
els 1 and 2), showing that fully methylated IL-4 alleles,and at the same time revealed the presence of additional
Th2-specific DH sites in the IL-4/IL-13 intergenic region. resistant to SmaI digestion at the intronic SmaI site,
display the complex pattern of DNase I hypersensitivityWe have designated these new intergenic DH sites DH
sites 0 (Figure 1B). on the IL-4 gene. We conclude that demethylation of
the intronic SmaI site is not required for chromatin re-We extended our methylation analysis to the linked
IL-13 gene. D5 cells displayed complete methylation of modeling of the IL-4 gene but may follow it or be a
completely independent process.two SmaI sites in the promoter region of the IL-13 gene,
whereas D10 cells were completely demethylated at the
3 SmaI site (data not shown; see Agarwal, 1999). Extended Demethylation of the IL-4 Locus
in Differentiating Th2 Cells
We used the enzyme McrBC to show widespread de-Th2-Specific Demethylation of the First Intron
of the IL-4 Gene methylation of the IL-4 locus in Th2 cells (Figure 3).
McrBC cleaves double-stranded DNA randomly be-Intron 1 of the IL-4 gene is a major site of differential
methylation in Th1 and Th2 clones, as shown by using tween (G/A)mC half-sites located on either strand and
separated by 32–2000 base pairs, with optimal cleavagethe methylation-sensitive and -insensitive enzyme pairs
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Figure 1. Additional Th2-Specific DH Sites in the IL-4/IL-13 Intergenic Region and Differential Methylation of the IL-4 Gene in Th1 and Th2
Cells Assessed by SmaI and HpaII Digests
(A) From top to bottom, the arrows indicate: a fragment appearing only in D5 samples digested with both DNase I and SmaI, which is bounded
by DH sites HSS3 and IV (lanes 2–5); the 7 kb SmaI fragment, which is abundant in D10 SmaI digests (lanes 6–10) but very poorly represented
in D5 SmaI digests (lanes 1–5); and a cluster of new DH sites (DH sites 0) in the IL-4/IL-13 intergenic region.
(B) Diagram of the murine IL-13/IL-4/KIF3A locus depicting the position of SmaI sites and the approximate location of the constitutive DH
sites found in Th1 cells and all Th2-specific DH sites, including the novel intergenic DH sites 0 observed in (A). The span of the 18 kb
fragment bounded by DH sites HSS3 and IV is shown for D5 as well as the span of the 7 kb fragment produced by SmaI digestion in D10.
Also shown are the position of the probe used in (A) and the methylation status of the SmaI sites in the region depicted (M, methylated; D,
demethylated).
(C) Methylation analysis of the IL-4 locus in D5 Th1 and D10 Th2 cells. Genomic DNA was restriction digested as indicated and analyzed by
Southern blotting using the 5 IL-4 probe shown in (E). SmaI and HpaII are CpG methylation-sensitive restriction enzymes, and XmaI and MspI
are their respective methylation-insensitive isoschizomers.
(D) Demethylation of IL-4 intron 1 during Th2 differentiation. Naive CD4 cells were directly analyzed or were differentiated for 2 or 3 weeks in
Th1 or Th2 polarizing conditions as indicated.
(E) Diagram of the IL-4 gene summarizing the data of parts (C) and (D). The top line shows the scale in kilobases (kb), with 0 located at the
BamHI site in the IL-4 promoter. The second line shows the IL-4 gene with the 5 promoter probe used for Southern analysis, IL-4 and KIF3A
exons (black boxes), and DNase I-hypersensitive sites (gray ovals with Roman numerals). Arrows indicate the directions of IL-4 and KIF3A
gene transcription. The third line shows restriction sites (unlabeled vertical lines) in the 19 kb BamHI fragment (BamHI, B; SmaI/XmaI, S/X;
HpaII/MspI, unlabeled vertical lines). The remainder of the figure is aligned with the locus diagram and explains the fragments observed in
the Southern blots of (C) and (D). Uppercase letters D and M indicate complete demethylation or complete methylation of a site as judged
by Southern blotting, while lowercase letters indicate partial methylation or demethylation.
occurring when the two sites are separated by 50–100 DNA with SmaI (or XmaI) and McrBC revealed that the
window of extreme demethylation in D10 cells spans abp (Stewart and Raleigh, 1998; Sutherland et al., 1992).
Digestion of D5 genomic DNA with BamHI and McrBC region of 7 kb extending from 1 kb 5 of the BamHI
site to the third intron of the IL-4 gene (data not shown;yielded a fragment of 800 bp detected with the IL-4
promoter probe (Figure 3A, lane 3), indicating that the see Figure 3D). These results show that like the first
intron of the IL-4 gene, the transcription start site is aclosest region of purine-CpG methylation is located near
the transcription start site of the IL-4 gene (for locations major region of differential methylation in Th1 and Th2
clones.of McrBC sites in the 5 region of the IL-4 gene, see
Figures 4A and 5A). In contrast, the smallest fragment McrBC digestion allowed us to analyze the dynamics
of IL-4 locus demethylation during Th2 differentiationobtained after McrBC digestion of D10 genomic DNA
was 5.5 kb (Figure 3A, lane 4), indicating no methylation (Figures 3B and 3C). When genomic DNA from purified
naive T cells or unsorted CD4 T cells was digestedof 63 purine-CpG residues located in the 5.5 kb region
3 of the promoter BamHI site. Digestion of D10 genomic with BamHI plus McrBC, a discrete fragment of 800
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3 from the BamHI site in a significant fraction of total
DNA (Figure 3B, lane 9), in a pattern very similar to that
observed in D10 T cells (compare Figure 3A, lane 4).
Demethylation was not observed under Th1 conditions
(Figure 3B, lanes 5 and 8); it required STAT6 (lane 7) but
not the transcription factors c-Maf (Maf) or NFAT1 (lane
4; and data not shown).
Demethylation required IL-4 and was not a default
pathway observed in the absence of IL-12 (Figure 3C).
CD4 T cells were differentiated under Th1 and Th2
conditions, as well as “Th0” (“no cytokine”) conditions,
in which neutralizing antibodies to IL-4, IL-12, and IFN-
were added to the cultures. At 1 week of differentiation,
5%–10% of total DNA from Th2 cells showed evidence of
demethylation within the first intron (Figure 3C, compare
lanes 1–3); minor cleavage was also detected at 2.5
kb from the BamHI site (lane 3). In 2-week-differentiated
Th2 cells, the intronic cleavage became significantly
more prominent, involving a major fraction of total DNA
in this experiment (Figure 3C, lane 4). Cells that were
initially stimulated in the absence of cytokines (Figure
3C, lane 1) but then restimulated for an additional week
under Th2 conditions (lane 5) also showed prominentFigure 2. Changes in DNase I Hypersensitivity Occur Independently
of Intronic Demethylation demethylation within the first intron of the IL-4 gene,
Naive CD4 T cells were differentiated under Th2 conditions for 8 establishing that demethylation of the transcription start
weeks and subject to DNase I treatment. Genomic DNA was di- site/exon 1/intron 1 region is strongly dependent on IL-4.
gested with BamHI, and 75% of the purified product was further
digested with SmaI. “BamHI only” (panel 1) and “BamHI  SmaI”
A PCR-Based Methylation Assay Shows(panel 2) samples were analyzed by Southern blotting using the 5
Hypomethylation of the IL-4 Promoter in Th1 CellsIL-4 probe. In panel 2, the lower arrow indicates the 1.2 kb fragment
produced by digestion of the demethylated alleles in the Th2 popula- These results led us to two tentative conclusions which
tion, while the upper arrow indicates the intact genomic fragment we wished to bolster with further experiments. First, the
that is methylated and thus resistant to SmaI digestion. Chromatin McrBC data (Figure 3) suggested that the IL-4 promoter
remodeling is apparent on methylated alleles as shown by equiva-
was not strongly methylated either in naive T cells or,lent DNase I hypersensitivity of methylated and demethylated alleles
more surprisingly, in differentiated Th1 cells, in whichof the IL-4 gene.
the gene is expected to be silenced. This result seemed
contrary to previous studies showing dense methylation
of promoter/enhancer elements in silenced genes (Sin-bp was detected with the IL-4 promoter probe and no
smaller fragments were observed (Figure 3B, lanes 1 gal et al., 1997). Second, IL-4 demethylation appeared
to progress in a 5→3 direction during the course ofand 2). In naive cells as in D5 Th1 cells, McrBC did not
cleave the IL-4 promoter region efficiently but instead Th2 differentiation, becoming apparent first at the tran-
scription start site and later at more 3 regions of thecleaved strongly and quantitatively near the transcrip-
tion start site (800 bp fragment detected with the pro- IL-4 gene (Figures 3B and 3C).
To address these two points, we developed an assaymoter probe; Figure 3B, lanes 1 and 2; see map in Figure
4A). Following a single stimulation under Th2 conditions, to assess more precisely the level and extent of IL-4
demethylation during T cell differentiation (Figure 4). The5%–10% of total DNA failed to be cleaved at this site,
instead yielding a range of fragments from0.8 to1.2 assay relies on the fact that if a methylation-sensitive
restriction enzyme cleaves within a region of interest inkb and a relatively discrete fragment of 1.2 kb corre-
sponding to cleavage near the cluster of four purine the IL-4 gene, primers flanking this region will fail to
amplify a PCR product from genomic DNA. To increaseCpG residues in exon 2 (Figure 3B, lane 3; see map in
Figure 4A). We conclude that McrBC recognition se- sensitivity, we adapted the assay to utilize radioactive
cytidine and showed that incorporation was linear if 20quences near the transcription start site become de-
methylated in 5%–10% of all IL-4 alleles after 1 week ng of input DNA or less was used in the assay (Figure
4B). We also showed that despite the wide spacing ofof Th2 differentiation, while a second region near exon
2 remains densely methylated and is cleaved. McrBC recognition sites in the IL-4 promoter, McrBC
cleaved this region almost as efficiently as it cleavedDemethylation of the transcription start site/intron 1
region was observed as early as 4 days after initial stimu- the transcription start site/exon 1 region with its more
closely clustered recognition sites (Figures 4C and 4D).lation (see below); it persisted in cells differentiated un-
der Th2 conditions for 3 weeks (Figure 3B, lane 6), with We confirmed that the IL-4 promoter was hypomethyl-
ated even in a fully differentiated Th1 clone (Figure 4E).even more extended demethylation (i.e., McrBC/BamHI
fragments of 2.5 kb and 5 kb) being observed in several Genomic DNA from D5 and D10 cells was digested with
BamHI and either McrBC or SmaI and amplified withexperiments (see Figure 3C). Prolonged differentiation
for 8 weeks (eight restimulations) under Th2 conditions the PCR primers shown in Figure 4A. PCR products
of comparable intensities were obtained with promotercaused the window of differentiation to extend 5–6 kb
IL-4 Gene Demethylation in Differentiating T Cells
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Figure 3. Differential Methylation of the IL-4 Gene in Th1 and Th2 Cells Assessed by McrBC Digestion
Genomic DNA from the indicated cell populations was digested with BamHI  McrBC and analyzed by Southern blot using the 5 IL-4 probe
shown in (D). McrBC cleaves only methylated DNA. For the experiments shown in (B) and for (C), the DNA samples were analyzed on a single
gel in each case, but the lanes are shown separated (and in some cases, rearranged) for convenience.
(A) Methylation analysis of the IL-4 locus in D5 Th1 and D10 Th2 cells. TSS, transcription start site (beginning of exon 1).
(B and C) Changes in methylation status of the IL-4 gene during Th differentiation. Purified naive CD4 T cells or bulk CD4 T cells from
STAT6/ mice or C57BL/6 controls, and Maf/ mice or their “wild-type” Maf/ littermates were analyzed directly or after differentiation
under Th1, Th2, or Th0 (no polarizing cytokines plus added neutralizing antibodies) conditions for 1–8 weeks as indicated. The fragments
obtained by McrBC cleavage at the transcription start site (TSS) and exon 2 are indicated.
(D) Diagram of the IL-4 gene summarizing the data of (A)–(C). For details, see Figure 1E.
primers after BamHI versus BamHI  McrBC digestion two cell lines. In contrast, when primers spanning exon
1 to exon 2 were used, D5 DNA was completely sensitiveof D5 and D10 genomic DNA (Figure 4E, panel a), indicat-
ing no McrBC cleavage and therefore no significant to McrBC digestion, and reciprocally, D10 DNA was
completely sensitive to SmaI digestion, consistent withmethylation of the IL-4 promoter region in either of these
Immunity
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Figure 4. PCR Assay Showing Hypomethylation of the IL-4 Promoter in Both Th1 and Th2 Cells
(A) Diagram indicating the locations of PCR primers (arrows) spanning the promoter and exon 1/intron 1/exon 2 regions of the IL-4 gene.
Exons 1 and 2 are shown as light gray boxes, purine CpG sequences (which are recognized by McrBC if hemimethylated or symmetrically
methylated on cytosines) are shown as dark gray circles, and BamHI and SmaI/XmaI sites are shown as vertical lines. An arrow shows the
location of the TATA box. The numbers indicate distance in base pairs from the promoter BamHI site.
(B) Experiment to show linear range of the PCR assay. BamHI-digested DNA was serially diluted 2-fold and subject to PCR. Intensity of the
PCR bands was determined by phosphorimager and graphed.
(C and D) Experiment to compare efficiency with which McrBC cleaves in the promoter with widely spaced recognition sites relative to the
closely spaced recognition sites in exon 1. A plasmid spanning the IL-4 promoter/exon 1 region was CpG methylated with SssI methylase in
vitro. Untreated or methylated plasmid was subjected to McrBC titration and assayed by the radioactive PCR with primers indicated in (A).
The autoradiography of the PCR analysis is shown in (C) and quantified in (D).
(E) PCR analysis of genomic DNA from D5 Th1 and D10 Th2 cells following digestion with BamHI, B; BamHI  McrBC, BM; BamHI  SmaI,
BS; or BamHI  XmaI, BX, as indicated. The primers used amplified the promoter region (panel a) or the region spanning exon 1, intron
1, and exon 2 (panels b and c).
complete methylation and complete demethylation of panel). As an internal control for normalization, we used
the PCR product of a region encompassing site VA, theIL-4 intron 1 in these two cell lines, respectively (Figure
4E, panels b and c). Th2-specific inducible DH site that contains a distal IL-4
enhancer that binds NFAT and GATA3 (Agarwal et al.,
2000). The site VA region has only one purine CpG andKinetics of Demethylation in Different IL-4 Regions
is poorly cleaved by McrBC (Figure 5A); hence a similarUsing the PCR assay, we investigated the kinetics of
amount of PCR product is generated from this regiondemethylation at different regions of the IL-4 gene dur-
using McrBC-digested DNA from either Th1 or Th2 cellsing Th2 differentiation (Figure 5). Naive CD4T cells were
(data not shown). The results are quantified in Figure 5D.cultured under Th1, Th2, or “no cytokine” conditions,
following which genomic DNA was isolated and digested
with McrBC, and the quantitative radioactive PCR assay Demethylation Is Not Required for IL-4 Transcription
Per Se, but Is Associated with High-Levelwas used to measure demethylation (Figure 5B). The
results showed that the levels of demethylation in- IL-4 Production
Since demethylation of the transcription start site/introncreased steadily in a Th2-specific manner during cell
differentiation (Figure 5B). Moreover, when kinetics of 1 region was observed as early as 4 days after primary
stimulation, we looked for evidence of active demethyl-different regions were compared in the same experi-
ment, the transcription start site/exon 1 and intron 1/ ation in this region. Naive T cells from DO11.10 TCR 
RAG2/ transgenic mice were stimulated with CD3exon 2 regions were rapidly demethylated at 4 days of
Th2 differentiation (Figure 5C, top and middle panels), and CD28 for 1, 3, 6, and 12 hr, and demethylation of
the IL-4 transcription start site and intron 1 was as-while the McrBC cleavage region 2.5 kb 3 from the
promoter (evident in lanes 3 and 4 of Figure 3C) was sessed with the radioactive PCR assay (CFSE labeling
showed no cell division at these times). We were unableperceptibly demethylated only after 1–2 weeks (bottom
IL-4 Gene Demethylation in Differentiating T Cells
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Figure 5. Demethylation of Different Regions
of the IL-4 Gene in Th2 Cells
(A) Diagram indicating the locations of PCR
primers (arrows) spanning the transcription
start site (TSS)/exon 1, intron 1/exon 2, and
the 2.5 kb region. DH site VA is indicated as
a dark gray oval. For other details, see Fig-
ure 4A.
(B) Th2 differentiation is accompanied by in-
creasing demethylation of the 5 region of the
IL-4 gene. Naive CD4 T cells were cultured
under no cytokine, Th1, or Th2 conditions as
indicated. Genomic DNA was digested with
McrBC and amplified with the primers shown
in (A). The numbers below the lanes give in-
tensities for the bands with the values for
naive CD4 cells (top panel) and Th1 1-wk (bot-
tom panel) set to 1. TSS/exon 1 and intron 1
PCR products were normalized to those of
the site VA region. D5 and D10 DNAs were
included in all experiments as controls for
restriction digest and PCR product specificity
(data not shown for bottom panel).
(C) Genomic DNA was purified from Th2 cul-
tures and digested with BamHI or BamHI 
McrBC. The digested DNA was subjected to
PCR analysis using primers flanking three
major regions of demethylation shown in part
(A). The same exposure times are shown for
both the right and left panels.
(D) Graphical representation of (C). The 2.5
kb region is demethylated with a distinct lag
relative to the TSS/exon 1 and the intron 1/
exon 2 regions.
to detect any demethylation of the IL-4 5 region in naive population of differentiating Th2 cells, the cells express-
ing the highest levels of IL-4 production were also thoseT cells under these conditions (data not shown), implying
that demethylation at this region requires DNA replica- enriched for demethylated alleles (Figures 6B and 6C).
A culture of differentiating Th2 cells was separated intotion and is not an active process mediated by a DNA
demethylase. high and low IL-4 protein producers by intracellular cyto-
kine staining and flow cytometry (Figure 6B; 3.5-foldWe next compared the levels of IL-4 transcripts pro-
duced by the fully methylated alleles of naive cells with difference in mean fluorescence intensity of intracellular
IL-4 staining in two independent experiments). Genomicthose of the demethylated alleles of the differentiated
D10 Th2 clone (Figure 6A). At low cycle numbers (but DNA purified from the HI and LO sorted cells were di-
gested with SmaI, and the extent of intron 1 demethyl-still beyond the linear range), there was no detectable
expression of IL-4 transcripts by stimulated naive T cells ation was assessed using the PCR assay (Figure 6C).
Significantly less intron 1 PCR product was generated(10% of the level expressed by identically stimulated
D10 Th2 cells; Figure 6A, upper panel). At much higher from the HI than from the LO IL-4 DNA after SmaI diges-
tion, indicating that the high IL-4-expressing cells werecycle numbers, clear induction was observed (Figure 6A,
middle panel); at these levels PCR primers are limiting in significantly more demethylated at the intronic SmaI site
than the low IL-4-producing cells. A corresponding re-the D10 samples, and PCR band intensities reach a
plateau (data not shown). Thus, methylation of the tran- sult was obtained with McrBC: in this case more PCR
product was obtained from the HI DNA samples, indicat-scription start site in naive T cells is not an absolute
barrier to IL-4 gene transcription, but appears to control ing less McrBC cleavage and therefore decreased meth-
ylation of these regions in high IL-4-expressing cellsthe overall levels of transcripts produced.
To test this hypothesis, we asked whether in a single (data not shown). We conclude that while the fully meth-
Immunity
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Figure 6. Intronic Demethylation Is Associ-
ated with High-Level IL-4 Gene Expression
(A) Naive CD4 cells from D011.10 TCR tg 
RAG2/ mice and D10 Th2 clones were stim-
ulated with immobilized CD3/CD28 for 1 hr
or 3 hr. Radioactive RT-PCR was performed
using primers against IL-4 and HPRT mRNA.
(B) Th2 cells cultured for 18 days (restimu-
lated once with -CD3 at day 8) were stimu-
lated and prepared for intracellular IL-4 cyto-
kine staining and sorted based on low and
high IL-4 expression. From top to bottom,
the four flow cytometry diagrams represent
unstimulated control, total stimulated popu-
lation, low IL-4 sorted cells, and high IL-4
sorted cells.
(C) Twenty nanograms of SmaI-digested
DNAs from HI and LO sorted cells were sub-
jected to methylation analysis by PCR using
intron 1 or site VA primers.
ylated IL-4 alleles of naive T cells can undoubtedly be 13 locus. The 5 region of the IL-4 gene, between the
transcribed at low levels, there is a clear correlation transcription start site and exon 2, is hypermethylated
between 5demethylation of the IL-4 gene and the ability in naive T cells and is specifically demethylated during
to produce high amounts of IL-4. Th2 differentiation; in contrast a highly conserved 3
region, DH site V/CNS-2, is hypomethylated in naive T
cells and becomes methylated during Th1 differentiationMethylation Changes in Other Hypersensitive Regions
(Figure 7). Th2-specific demethylation is also apparentin the IL-13/4 Intergenic Region
in the IL-4/IL-13 intergenic region: this phenomenon wasThe intergenic hypersensitive regions in the IL-13/4 lo-
not unexpected at CNS-1, which corresponds to thecus (HSS3, 2, and 1) are methylated in naive CD4 cells
Th2-specific DH sites HSS1 and HSS2, but we wereand undergo significant demethylation only during Th2
surprised to observe it at HSS3, a “common” hypersen-differentiation. Interestingly, DH site V, which contains
sitive site also present in naive T cells and Th1 cellsCNS-2 (Loots et al., 2000), shows evidence of de novo
(Takemoto et al., 1998). Interestingly, the IL-4 promotermethylation during Th1 differentiation but remains de-
is not subject to differential methylation: it is demethy-methylated in naive and Th2 cells (see supplemental
data at http://www.immunity.com/cgi/content/full/16/5/ lated in naive T cells and remains demethylated in both
649/DC1). Th1 and Th2 cells. Thus, promoter methylation is not a
mechanism for IL-4 silencing in Th1 cells.
5 demethylation of the IL-4 gene does not occur priorDiscussion
to DNA replication and so most likely occurs via a pas-
sive, replication-dependent process rather than an ac-Changes in Methylation Status of the IL-4 Gene during
tive demethylase (see Introduction). It occurs in twoTh1 and Th2 Differentiation
kinetically distinguishable phases, both dependent onWe have shown that Th2 differentiation is accompanied
TCR stimulation and strongly potentiated by IL-4 (Figureby a complex sequence of regulated methylation and
demethylation steps occurring throughout the IL-4/IL- 7). The first phase, which involves the transcription start
IL-4 Gene Demethylation in Differentiating T Cells
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Figure 7. Summary of the Chromatin Changes in the IL-4 Locus during Commitment of Naive T Cells to the Th2 Lineage
Two DH sites are present in naive CD4 T cells, HSS 3 and site IV. The promoter and the CNS-2 region are demethylated. Upon TCR stimulation
in the presence of IL-4, Th2-specific DH sites appear throughout the IL-4/IL-13 locus, demethylation extends outward from the promoter to
the transcription start site/intron 1 region, and the intergenic DH sites become demethylated. Prolonged exposure to Th2 conditions further
extends demethylation in the 3 direction into the IL-4 gene; this process correlates with efficient IL-4 transcription and serves as a marker
for terminally differentiated Th2 cells. The CNS-2 region remains demethylated under Th2 conditions but slowly undergoes methylation under
Th1 conditions.
site/intron 1/exon 2 region, is apparent as early as 4 is not necessary for establishment of the Th2-specific
days after the start of Th2 differentiation and correlates DH pattern of the IL-4 gene. These studies assessed
strongly with efficient transcription of the IL-4 gene. The the methylation status of a single SmaI site in the first
second phase becomes apparent only after prolonged intron of the IL-4 gene, so it is formally possible that
culture under Th2 conditions and extends the demethy- chromatin remodeling is initiated by demethylation
lated region into the second intron of the IL-4 gene in within some other limited region of the gene. However,
a larger fraction of cellular DNA. It seems likely that the this seems unlikely because we have assessed demeth-
late extended demethylation occurs only on IL-4 alleles ylation throughout a 25 kb region spanning the IL-4
that have undergone early 5 demethylation; however, gene and have observed early demethylation (at 4 days
we cannot rule out that demethylation is initiated simul- of differentiation) only within the 5 region spanning the
taneously and randomly throughout the locus but is not transcription start site, exon 1, and intron 1.
detected as efficiently in the downstream regions. It is Although demethylation is not essential for chromatin
also possible that the early and late phases of demethyl- remodeling, the converse may be true: that is, chromatin
ation occur independently in different populations of structural changes and binding of lineage-specific tran-
cells: early 5 demethylation, which correlates with opti- scription factors may be required for IL-4 gene demeth-
mal IL-4 production, might be particularly important for ylation. This hypothesis is supported by the fact that
short-lived effector Th2 cells, which need to produce the IL-4 locus remained hypermethylated in Th1 cells
high levels of IL-4, while extended demethylation might and in STAT6-deficient Th2 cells, which neither remodel
be characteristic of long-lived memory Th2 cells, which the IL-4 locus nor transcribe the IL-4 gene at high levels.
either transit through an effector cell phase or arise One result of STAT6 activation is the synthesis of GATA3,
directly from naive precursor cells (Ahmadzadeh et al., c-Maf, and potentially other Th2-specific transcription
2001; Hu et al., 2001). Th2 cells can be generated in the factors (Kurata et al., 1999) which bind to multiple re-
absence of IL-4 by stimulating naive CD4 cells with the gions of the IL-4 gene (Agarwal et al., 2000; Hural et al.,
DC2 subset of dendritic cells (Rissoan et al., 1999); it 2000; Takemoto et al., 2000). Potentially, binding of Th2-
would be interesting to ask whether this IL-4-indepen- specific factors to the locus could interfere with mainte-
dent differentiation program is also associated with a nance methylation of replicated DNA by Dnmt1 and
complex sequence of methylation/demethylation steps. other maintenance DNA methyltransferases. At early
stages of differentiation, when present at fairly low lev-
els, the Th2-specific factors would be expected to bindDemethylation and Chromatin Remodeling
mainly to high-affinity sites, where they could orches-Because demethylation and DNase I hypersensitivity
trate chromatin changes by recruiting histone-modifyingchanges occur in parallel during Th2 differentiation, we
enzymes and forming the hypersensitive sites; at laterwere able to explore the relationship between these two
processes. Our evidence indicates that demethylation stages of differentiation, when they accumulate to
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higher levels, they might gradually titrate lower-affinity Is demethylation required for high-level gene tran-
sites in the locus and promote passive CpG demethyl- scription, or is it merely a marker for active (or previously
ation by preventing Dnmt1 access to progressively more active) genes? Our data argue in favor of the former
extended regions during S phase. Indeed, both the Ig	 hypothesis. First, the earliest phase of demethylation
and TCR loci undergo demethylation only after chro- involves the transcription start site rather than the IL-4
matin remodeling, and demethylation of the Ig	 locus promoter, consistent with a direct effect of demethyl-
is dependent on NF	B (Kirillov et al., 1996; Villey et al., ation on the efficiency of Poll II transcription. Demethyl-
1997). We note that STAT6-derived signals could either ation could promote local histone acetylation near the
initiate a Th2-specific program of IL-4 locus demethyl- Pol II binding site as a result of decreased recruitment
ation or select for differentiating Th2 cells which have of the MeCP2-histone deacetylase complex (Agalioti et
demethylated the IL-4 locus by promoting their preferen- al., 2000; Jones and Wolffe, 1999; Ng and Bird, 1999;
tial expansion. Shang et al., 2000) or directly enhance binding of tran-
The de novo methylation occurring at the 3 end of scriptional activators to the proximal IL-4 promoter. Sec-
the IL-4 locus, in the DH site V/CNS-2 region, is intriguing ond, efficient IL-4 production is well known to require
since it provides evidence for a Th1-specific program DNA replication and cell cycle entry, with several cell
occurring at a classical Th2 cytokine gene (see supple- divisions required for optimal expression of IL-4 (Bird
mental data at http://www.immunity.com/cgi/content/ et al., 1998; Gett and Hodgkin, 1998; Richter et al., 1999).
full/16/5/649/DC1). This process is slower than demeth- Demethylation is the only known replication-dependent
ylation at the 5 end of the gene and appears IL-12 mechanism that can account for this cell cycle depen-
independent, based on analysis of STAT4-deficient cells dence: if demethylation were merely a consequence of
(D.U.L., unpublished data). Presumably, Th1-specific gene transcription, one would not expect progressively
factors binding to the DH site V/CNS-2 region, and pos- higher levels of IL-4 production as cells proceed through
sibly also to the DH site IV region, recruit de novo methyl- multiple cycles of cell division. This suggests strongly
transferases such as Dnmt3a and Dnmt3b. This process that demethylation is not merely a passive marker for
could be accompanied or facilitated by histone modifi- IL-4-producing cells, but that demethylated alleles are
cations at these sites, in particular the H3 lysine 9 meth- actually more efficiently transcribed.
ylation shown recently to be essential for DNA methyla-
tion in Neurospora (Tamaru and Selker, 2001). Demethylation and Lineage Commitment
Analysis of replicating loci indicates that DNA replication
Demethylation and IL-4 Expression “erases” chromatin conformations, and that DNase I
We have established that demethylation is not required hypersensitivity patterns must be reestablished follow-
for IL-4 transcription per se: the methylated alleles of ing cell division (Solomon and Varshavsky, 1987; Wolffe
naive T cells transcribe detectable levels of IL-4 mRNA. and Brown, 1986). As the only epigenetic modification
These results are consistent with those of Grogan et al., for which an inheritance mechanism is known (Gruen-
who observed IL-4 gene transcription within 1–3 hr of baum et al., 1982), DNA methylation is likely to be impor-
TCR stimulation of naive T cells, well before the first tant for restoring nucleosome positioning and DNase I
round of DNA replication occurred (Grogan et al., 2001). hypersensitivity patterns following DNA replication.
Evidence from other systems also suggests that de- Thus, the second phase of IL-4 demethylation, which
methylation is a secondary rather than a primary control involves extensive hypomethylation over 7–8 kb as ob-
on gene transcription; for instance, trichostatin A, an
served in 8-week Th2 cultures, could be necessary to
HDAC inhibitor, can reactivate certain genes without
propagate a stable, transcriptionally competent chro-
loss of DNA methylation (Smith, 2000).
matin structure in these fully differentiated cells.We have also established, however, that efficient IL-4
Our data extend the current view of cytokine genetranscription is strongly correlated with 5demethylation
regulation in differentiating T cells (Avni and Rao, 2000;of the IL-4 gene. The demethylated alleles of a differenti-
Reiner, 2001) by delineating a role for demethylationated Th2 clone transcribe far higher levels of IL-4 mRNA
in the later steps of Th2 development (Figure 7). Theythan the minimal levels transcribed by naive T cells with
suggest that demethylation plays an active role in “matu-fully methylated alleles. Likewise, in sorted Th2 popula-
ration” of the Th2 response by promoting high levelstions cells expressing high levels of IL-4 protein showed
of cytokine production during Th2 differentiation andgreater demethylation of the IL-4 5 region than cells
reinforcing the commitment of effector Th2 cells to theirexpressing low levels of IL-4. An interesting question is
specific pattern of cytokine expression. By analogy, thewhether demethylation potentiates IL-4 transcription in
progressive demethylation of tissue-specific genes thata “binary” or “quantitative” way: the binary model postu-
has been observed in many other systems (Bergmanlates that initial demethylation of an IL-4 allele (for in-
and Mostoslavsky, 1998; Jones and Wolffe, 1999;stance at the transcription start site) fully turns on IL-4
Turker, 1999) may be important for maintaining genetranscription and further demethylation does not further
expression at appropriately high levels in terminally dif-potentiate expression, while the quantitative model pos-
ferentiated cells.tulates that the more extensive the region of demethyl-
ation of an allele, the higher the level of IL-4 gene tran-
Experimental Proceduresscription. Once the requisite technology is available, it
may be possible to distinguish these models experimen- Mice
tally by separating out high- and low-expressing IL-4 Mice were maintained in pathogen-free conditions in barrier facilities
alleles and evaluating their methylation status by bisul- at the Center for Animal Resources and Comparative Medicine,
Harvard Medical School. Three week C57BL/6J inbred strains werephite sequencing or PCR.
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